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SECTION DESIGNED TO INCREASE MAXTMUM LIFT
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SUMMARY

Three modifications to the leading-edge region of the NACA 64AOQLO
airfoil section were designed and tested two-dimensionally at both low
and high subsonic speeds. The modifications increased the low-speed
maximum 1ift coefficient of the symmetrical reference section by as much
as 0.58, largely by increasing the angle of attack at which stall occurred.
A single-criterion design procedure for estimating the lncremental maximum
1ift due to an arbitrary modification, based on control of the theoretical
pressure peak, was unsatisfactory.

Tests at high speeds showed that the maximum-1ift inerements provided
by the leading-edge changes were reduced by compressibility effects, and
vanished at about a Mach number of 0.65. The high-speed drag character-
istics of a modified section with l.l-percent-chord nose radius and camber
over the forward 15~percent chord were somewhat improved over those of the
NACA 64A0LO section.

INTRODUCTION

To maintain attached flow over given ailrfoils to higher angles of
attack, a method frequently used has been one which entails modification
of the leading-edge region by introduction of forward camber and/or an
increase of leading-edge radius (see refs. 1 to 7). Tests of such changes
were limited to arbitrary designs. To furnish additional data useful both
for low-speed design and high-speed evaluatlion, three related contour
changes for the NACA 64A010 airfoil section were tested two-dimensionally
at both low and high subsonic speeds. One of the modified alrfoils was
so designed as to have the same nose radius and type of camber as =a
standard designated section, the NACA 13010.

This report presents the test results and compares airfoils bhaving
forward and distributed types of camber,
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NOTATION d

chord
section drag coefficient
gsection 1ift coefficlent

design section 1ift coefficient

+lo

section pliching-moment coefficient sbout

section normel-force coefficient

p ]
local pressure coefficient, -11;—2

Mach nmumber
drag-divergence Mach number, defined as the Mach number at which
dc
d

- = Q0,1
aM

free-stream static pressure

local static pressure’

free-stream dynsmic pressure

Reynolds number, %?

leading-edge radius in percent of chord
free-stream velocity

local veloeity on the symmetrical section

increment of local velocity induced by section camber

distance aldng alrfoil chord, measured from the leading edge of
the unceambered section

height above airfoil chord
section angle of attack, measured with respect to the chord line

section angle of attack, measured with respect to chord line of -
the ummodified section
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v kinematic viscosity
Subscripts
max maximum
min minimum
o] conditions at zero section 1lift, except as otherwlse defined above
u uncorrected

MODELS AND TESTS

Airfoils

Three related airfoll profiles were designed for this study. The
profiles were formed by modifying the forward 20-percent chord of the
NACA 64AO10 section to incorporate camber and increases in nose radius.
Selection of these nose modifications was guided by a simple design cri-
terion based on control of the theoretical leading-edge velocity pesk.
This design criterion will be discussed later in the report.

One of the nose modifications (airfoil 2 in the table below) was
designed to have the same leading-edge radius and similar camber distri-
bution as a standard designated section, the NACA 13010. The other two
sections differed either in leading-edge radius or type of camber line as
shown in the table.

. Leaaing-edge Teading-edge | Simijar
Airfoll radius, droop, NACA czi
designation percent chord | percent chord | cambert
1 1.10 1.12 210 0.22
2 1.10 1.23 130 .15
3 1.%0 1.23 130 .18

1similar as to chordwise distribution of camber, but with
¢,, shown in last column.
i

Profiles of the airfoils sre shown in figure 1, and the coordinates are
given in table I. Theoretical loadings and pressure distributions com-
puted by the airfoil theories of references 8 and 9 are compared with
those for the NACA 644010 section in figures 2 and 3.
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Low-Speed Tests

The low-speed tests were conducted in the Ames T- by 1O0-foot wind
tunnel number 1. The 5-foot-chord model of the NACA 64A0LC section
spanned the T-foot height of the tunnel. Six-foot-dlameter end plates
attached to the model were flush with the tunnel walls, thus forming part
of the floor and celling of the test section. The forward 20-percent
chord of the model was removable for installation of the modified leading
edges. The aft 25-percent chord was removable for tests with or without
double-slotted flaps. For tests with zerao flasp deflectlion, the main flap
of the double-slotted flaps formed the rear portion of the model; surfaces
were sealed and smooth for these tests. For tests with double-slotted
flaps deflected, the 0.075c foreflap was deflected 30° and the 0.25¢ main
flap was deflected 55°. Flush pressure orifices were provided along the
mld-span sections of the models.

Measurements of 1ift and pitching moment were made with the wind-
tunnel balance system. Tunnel-wall corrections computed by the method
of reference 10 were applied to the date as follows:

Qg OF Qg = 0y, + O0.47 St 1.89 Ca,y
= 0.930
c, 93 “lg
= 0.962 0.0
ey = 0.98 Cp, + 013 clu

Tests were made at Reynolds numbers of 2.8, 4.0, and 5.8x10% with the
Mach number varying aspproximately from 0.08 +o 0.17.

High-Speed Tests

The high-speed tests were conducted in the Ames 1~ by 3-l/2-foot wind
tunnel. Six-inch-chord models of the NACA 64A010 airfoil section and the
modlfied sections were constructed of aluminum alloy. The models spanned
the 1-foot dimension of the test section. Sponge-rubber gaskets were com-
pressed between the model ends and the tunnel walls to prevent end leakage.

Lift, drasg, and pitching moment were measured both at constant angle
of attack while varying Mach number for all models and at constant Mach
number while varylng angle of attack for the modified alrfolls. The Mach
nunbers ranged from 0.3 to about 0.9; the range of angles of sttack was
sufficient to define meximum 1ift up to a Mach number of about 0.8. The
Reynolds numbers varied approximately from 1x10% at s Mach number of 0.3
to 2x10° et the highest test Mach numbers.

Lift and pitching moment were determined from measurements of the
pressure reactions on the tumnel walls of the forces on the airfoils.
Drag was determined from wake-~survey measurements mede with a reke of
total-head tubes.

“‘

Vv



NACA TN 3871 ’ 5

RESULTS AND DISCUSSION

Low Speed

Characteristics of the modified glrfoils.- The basic 11ft and
pltching-moment characteristics obtained from the low-speed force tests
are presented in figures 4 and 5. Drag-force measurements obtained in
the low-speed tests have not been presented since the results were found
erroneous, apparently, due to drag and interference effects of the model
end plates. However, the end plates apparently caused little effect on
the over-gll 1lift and moment resulis since checks of these datas made with
the pressure messurements revealed average differences of the order of
only 1/2 percent.

Despite the variation in caember for the three airfoils, no particu-~
larly significant differences in the 1lift and moment characteristics. can
be detected in Pigure U4 sside from the obvious variation in cy All

max

sections show virtually no 1ift or moment at zero angle of attack. In
interpreting these dgta, it must be remembered that the line used in

referencing ag is the chord line of the unmodified section. This intro-

duces a positive displacement of the. lift curves of about 0.70 for all
three modified sections as compared with the ususl referencing system.

At the highest test Reynolds number, the maximum 1ift pesk for airfoils 1
and 2 can be seen to become more rounded than st the lower Reynolds
numbers.

The stall development on the modified airfoils is illustrated in
figure 6 with selected pressure distributions from 4.0 million Reynolds
number dats. Evidence of turbulent separation appears in the figures at
the trailing edges of all three airfolls at czmax' Scrutiny of all the

pressure data, in fact, showed that turbulent separation appeared just

prior to ¢y . Turbulent separation gppears in the pressure data as a
max

rise in pressures (more negptive) near the trailing edge.

In the case of airfoil 1, the complete pressure-distribution data
showed that this separation spread forwerd with increasing angle of atteack,

end C remained st an almost constant value, establishing s ¢

Pnin tmax

value; even 2° beyond cy ; however, a peak of considerasble magnitude
max

was found. In contrast, the meaximum 1ift of airfoils 2 and 3 was estab-
lished as & result of flow sepsration occurring near the leading edge
whlich joined the already existing trailing-edge flow separation; in these
cases the nose peak was markedly reduced gt angles above that for ey

The pressure data for other Reynolds numbérs showed that in all cases the
evidence of trailing-edge flow separation. became more appsrent with
Increase in Reynolds number, but did not alter the sequence of stall
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progression. Stall on the symmetrical reference gection was similar to
that for airfoils 2 and 3 in that the flow separated suddenly from points
near the leading edge and free-stream static pressure was not regalned at
the trailing edge (ref. 11). However, data for the symmetrical section
showed no evidence of trailling-edge flow separation prior to stall as
previously indicated for sirfoils 2 and 3. No definite evidence of a
leading-edge separation bubble could be detected in the pressure data
for the modified airfolls as was found for the NACA 64A010.

Date for the three airfoils with flap deflected are given in figure 5
for Reynolds numbers of 4.0 and 5.8 million. This flap, being of the
double-slotted type, produced very large increments in 1ift but at the
expense of very large pltching moments. At the lower Reynolds number, the
increments in clmax between the three airfoils generslly follow the pat-

tern found for the modified sections without flaps. For some unaccountable
reason, however, increasing the Reynolds number to 5.8 million caused a
large deleterious effect on the ) of airfoll 3, having the larger

leading-edge radius, while Ilittle change can be seen to have occurred in
the characteristics of the other sections.

Comparisons of alrfoils with forward and distributed. camber.- Galns
in meximum 1ift similar to those realized with the sections with forward
camber can be achieved through the use of distributed camber. In the fol-
lowing evalustion, the characteristics of airfoils of the latter type are
included for comparative purposes. Similar comparisons are made for high
speeds later in the report. :

A direct comparison of the modified leading-edge section with a
symmetrical section and sections having distributed camber is shown in
figure 7. In the comparison, only airfoll 2 has been considered because
in the high-speed tests, as will be seen in a subsequent section of the
report, this airfoll exhibited generally superior characteristics over
the others of the group. The 1lift curve for airfoll 2 has been displaced
by 0.7° to the left so that o is based on the ususl chord line drawn
from nose to trailing edge. The airfoils with distributed camber used
for the correlation are the NACA 64A310 and OOLO with & czi of 0.3,

both using the NACA a = 1.0 mean line, Data on the cambered four-digit-
section are included since its leading-edge radius 1s the same as thet

of airfoil 2. The data are those at 3.7 million Reynolds number reported
in reference 12 from tests in the same facility used for the present low-
speed study. Data for the NACA 64A010 included in figure T are those
given in reference 11 (4.1 million Reynolds mnumber).

The loading introduced by concentrating the camber near the nose
produces almost no incremental pitching moment such as is associated with
the distributed form of camber. This result is apparent in figure T(a)
and stems from the distribution of loading due to camber shown in filg-
ure 2(b). The increase in cZmax provided by distributed camber on the
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NACA 64A310, a = 1.0, section is approximately equal to its Cyqe That

provided by the airfoil 2 modificetion is considerably more than its ¢,

(0.15), presumably due to the increase in leading-edge radius. The d4if-

ference in leading-edge radius is also believed to be the prineipal rea-

son for the difference in ¢, of the NACA sectilons 64A310, & = 1.0,
max

and 0010 with a cli of 0.3.

Data comparing three types of sectlons with flaps deflected are
presented in Pigure T7(b)}. Here the distributed camber section used is
the NACA 65-210 airfoil (date from ref. 13); the double-slotted flap con-
figuration is identical for all three sections (main flap deflected 55°).
From s comparison of the data of figures T(a) and T(b), flaps retracted
and extended, it may be seen that the modification provided about the
same Iincremental change in c:zmax with the flap extended as with it

retracted. The large pitching moment associasted with flaps is little
affected by either the modified leading edge or the distributed type of
camber.

High Speed

Charscteristics of the modified airfoils.- Lift, drag, and pitching-
moment results for the three modified sections are presented in figures 8
to 12 for Mach numbers ranging from 0.3 to ebout 0.9. In figures 13
and 14, direct comparisons are made of the three modified sections showing
the varistion of czmax and cy as a function of Mach number while in fig-

ure 15 the drag-divergence Mach numbers are compared.

At these higher speeds the incremental differences 1n cy between

airfoils are greatly diminished over those found at low speed. Moreover,
the megnitudes of ¢, of the modified airfoils at M = 0.3 are only

about 2/3 the lower speed values (fig. 13). This is due to both the dif-
ference in test Reynolds number for the low- and high-speed studies (2.8
million and ebout 1.0 to 2.0 million, respectively) and the increasse in
Mach number. A portion of the data of reference 14 which clearly illus-
trates these effects for the NACA 64-210 section is included in figure 13.

Vélues of e, for the modified sections decrease with increasing

Mach number above 0.3 whereas the ummodified section shows essentially no
change. Consequently, the improvements in ¢, ° provided by the leading-

edge modifications diminish with inereases in Mach number and virtually
disappear at & Mach number of the order of 0.65. It is to be noted that
if these sections are applied to a swept wing, the relieving effects of
sweepback will increase the Mach number at which the cZmax benefits

provided by the nose modifications would be expected to vanish.
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The comperisons of drag in figure 1l(a) for the three modified ]
airfoils on the whole show airfoil 2 to have the lowest drag at angles of
attack above about 2°., The drag-divergence Mach number also is highest
for this sirfoil at high 1ift coefficients. Below gbout 0.2 lift coeffi-
cient the differences in My can be seen to be negligible (fig. 15).

Compaxrisons of alrfolils wlth forward and distributed camber.~ Fig-
ures 16 to 20 have been prepared to illustrate the high-speed character-
istics of alrfoll 2 as compared to those of the basic alrfoll thickness
form having distributed camber (NACA 64A310, a = 1.0 section) and having
no camber (NACA 64AOLO section). Date for these airfoils were teken from
reference 15. Included are comparisons of -qlmax’ Cqr My, cz/cd, and

» The deleterious effects of reduced Reynolds number and increasing
Mach number to 0.3 on c, are nearly equel for both types of cambered

airfoils (fig. 16). With increase in Mach number above 0.3, the ¢y

of the modified airfoll continues to decrease while that for the NACA
64A310 remains fairly constent. Apparently, the type of variation of
ey in this Mach number range 1s associated with the nose shape of the

section, and is unaffected by a distributed type of camber. This same
conclusion can be drevn from the data presented in reference 16 for a
group of 15-percent-thick sections. In that paper, date for sections
with nose radii almost as large as that of airfoil 3 and wilth distributed
camber show an almost constant €y max in the same Mach number range,

whereas data for the NACA 23015 (forward camber) shows a decrease in

c, with increase in M above 0.3 similar to the decrease noted for

airfoils 1, 2, and 3. The data presented in reference 17 indicates that
the relastively constant cy characteristic exists for sections with

both the NACA a = 0.4 and a = 1.0 mean lines, and for values of Cyy at
least up to O.h4.

Figure 18 shows that the drag-divergence Mach number for airfoil 2
is higher than for the NACA 64AO10 section at 1lift coefficients above
about 0.3, but lower than the NACA 64A310 section sbove about 0.4 1ift
coefficlent. From & lift-drag-ratio standpoint (fig. 19), the modified
airfoil is superior to the symmetrical NACA 64AOLO section at Mach numbers
below about 0.7, but it does not mateh up to the lift-drag-ratio charac-
teristics of the equivalent distributed-camber section. These cz/cd
gains for the modified airfoil are, however, made without introduction of
a zero-lift pitching-moment increment (fig. 20).

Comparison of Measured and Estimated Maximum Iift Values
An attempt was made to estimate the increments in low-speed )

over that of the NACA 6%A010 reference section provided by the three
modifications tested. A simple procedure, based on control of the
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leading-edge velocity peak, was used. The method proved umsatisfactory,
and reasons for its fallure became apparent from analysis of the pressure-
distribution data. Since the method is typical of those tried by many
investigators, a brief review of the procedure and results is given below.

To select a design criterion by which to estimate e, s 1t was

reasoned that maximum 1ift is controlled prineipally by the rate of rise
of the leading-edge veloclity peaks with 1ift coefficient. A reduction in
this rate of rise by modification of the leading-edge reglon of an airfoil
would Imply an increase in Clmex ” Assuming further the simple concept

of a unique 1limit in the attainable value of the minimum pressure coeffi-
cient, one could then determine cy , at least for a given class of alr-

foil sections such as was considered here. (It was essentially this con-
cept that was aspplied to the derivation of the NACA X-006 airfoil sections.
See ref. 18.) Theoretical peak negative pressure coefficients at experi-
mental values of czmax were determined for a large number of 10-percent-

thick sections. A limiting theoretical minimum pressure coefficient was
chosen as CP . = -10.5 from a scrutiny of these date as an average 1lim-
min

iting value. estimated for an erbitrary modifi-

cation was taken to be the difference in theoretical c, between the
modified and the ummodified sections when CPmin for each attained the

limit value of -10.5. The theories of references
Comparisons of estimated and experimental Acl

The increment of ey
max

8 and 9 were used.
values for airfoils 1,

2, and 3 are given in the following table:

Experimental
Estimated e Experimental
Alrfoil Acl Imax Aeq
max (R — ’-l-xlOe) mast
NACA 6hA010% 1.07

1 0.38 1.36 0.29
2 .32 1.hh .37
3 b2 1.65 .58

Te, velue for the NACA 64A010 section fram the

data of reference 11.

The estimated values of Acl are unsatisfactory for eirfoils 1
max

and 3, differing by approximately 30 percent from the measured resulis.

Comparisons at other Reynolds numbers .are similar. Inspection of the

experimental pressure dats showed that limit Cpmi was not a single
n

value for the modified sectlions as assumed, but varied from -9.5 to
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beyond -13. The value of CPmi occurred within the forward l/2-percent
n

chord, a region difficult to define by the usual airfoil theory procedures.
Further examination of the pressure data revealed no method of lmproving
the correlstions with measured czmax values. Thus it appears that pre-

diction of ¢ for arbltrary profiles is beyond the reach of such a

imax
simple procedure.

CONCLUSTIONS

Three modifications to the leading-edge region of the NACA 644010
airfoll section were designed and tested two-dimensionally at both low
end high subsonic speeds.

Teats at low speed showed that the leading-edge modifications were
capable of increasing maximum 11ft coefficient of the 10-percent-thick
section by as much as 0.58. Increases in 1ift were achieved largely by
increases in the angle of attack at which stall occurred. The nose modi-
ficatlions introduced virtually no incremental pitching moment (such as is
associated with sections with distributed forms of camber). A simple
design procedure for estimating the incremental maximum 1ift due to an
arbitrery modification, based on control of the theoreticeal minimum
pressure, was unsatisfactory.

Tests at high speeds showed the increments 1n maximum 1ift provided
by the leading-edge modifications were reduced by compressibllity effeets,
and vanished at a Mach number of about 0.65. This is in contrast to the
NACA 64A310 section (with a distributed form of camber) which provided an
almost constant increment of maximum 1ift above that of the uncambered
gsection up to high subsonic Msech numbers. -The high-speed drag character-
istics of & modified section with l.l-percent-chord nose radius and camber
over the forward 15-percent chord were somevwhat improved over those of the
urmodified NACA 64LAQ10 section. TInecreasing the nose radius to l.5-percent
chord had deleterious effects on these characteristics.

Ames Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Sept. 2k, 1956
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TABIE I.- COORDINATES OF THE NACA 64AC10 AND THE MODIFIED ATRFOIL SECTIONS
[Dimensions given in percent of chord]

NACA 64AQLO Airfoil 1 Alrfoil 2 Alrfoil 3
x ¥ ¥ ¥ ¥
Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower
(0] 0 -1.12 -l1.23 -1.23
25 --- --- [ 0.355 --=- |-0.29 | -1.75 |-0.06 -—-

.50 804} -0.80%| .65 |-1.625| .02 |-2.00 .30 | -2.15
150 .969( -.969| .89 | -1.71 25 [ -2.,165] .575] -2.35
1.00| --- - | 1.09 |-1.77 A5 | -2.30 .805 | -2.53
1.25| 1.225( -1.225 | 1.265 | -1.835 | -~- -— -— -
S50 --- -_— ——— — 80 [ -2.505] 1.19 | -2.795
00| --- --= [ 1.705 [ -2.025| 1.095 | -2.67 | 1.51 | -2.995
.50 1.688}-1.688]11.935 | ~-2.15 [ 1.345]| -2.79 | 1.78 | -3.155
50} --- --- | 2.31 |-2.395] 1.76 | -2.99 | 2.215]| -3.395
00| 2.327 | -2.327 | 2.725 | -2.735 | 2.265 [ -3.195 | 2.71 | -3.62
7.5012.805 | -2.805| 3.155 | -3.15 | 2.875 | -3.42 | 3.255| -3.80
10 3.199 | -3.199 | 3.45 | -3.45 | 3.305| -3.59 | 3.615| -3.90

12.50| --- --- -— --- | 3.655| -3.755( 3.86 | -3.99
15 3.813 | -3.813 | 3.935{ -3.935[ 3.9% | -3.945| k.035| -k.07
17.50| --- --- --- --- | k25| -k,31 | k.15 [ -k.155

20 L.o72 | ~k.272 | )

25 L, 606 | -4.606
30 4,837 -4.837
35 4k .968 | -4.968
ko 4.995 | -k.995
45 4,894 | -4 .894
50 4.684 | -L4.684
55 4 .388 | -4.388

60 L,o21 | -k.021 Applicable to airfoils 1, 2, and 3
65 3.597 | -3.597

T0 3.127 | -3.127
5 2.623 | -2.623
80 2.103 | -2.103
85 1.582 | -1.582
90 1.062 | -1.062

95 S| -5k
100 L021 [ -.021 |
Leading-edge

radius: 0.687| 1.10; center [ 1.10; center | 1.50; center
at (0.992, at (1.085, at (1.480,
-0.645) -1.045) -0.983)
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Pigure 1.- Profiles of the modified alrfolls.,
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sections as computed by the theories of references 8 and 9.
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(a) Airfoil 1.

Figure 6.- Experimentsl pressure distributions near maximum 1ift;
R = 4.0x10%, M = 0.12.
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Figure 6.- Continued.
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Figure 14.- Comparison of the drag characteristics of the modified airfoils,
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Flgure 20.~ Variation of zero-lift pitching moment with Mach number of sirfoil 2 and the
NACA 64A0L0 and 64A310 sectiong.
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